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PREFACE 


This  document  is  the  Final  Report  for  the  Rain  Erosion  Resistant  AR 
Coatings  for  ZnS  Windows  Program.  This  report  was  prepared  under  Contract 
Ho.  F33615-77-C-5056  for  the  Air  Force  Systems  Command  and  covers  the  period 
of  January  1978  to  January  1930.  The  report  describes  the  successful  devel- 
opment of  FLIR  (8.0  to  12,0  um)  and  multispectral  (0.5  tc  0.9,  1.06  and  8.0 
to  12.0  um)  wavelength  antireflection  coatings  which  can  be  applied  to  large 
ZnS  windows  and  operate  at  high  performance  under  severe  environmental 
conditions. 
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SECTION  I 


INTROOUCTKW 


tR  transmitting  window  materials  are  being  developed  for  imaging  elec- 
tro-optical sensor  systems  intended  for  use  on  high  performance  aircraft  such 
as  P-4,  F-15,  F-16,  A-10,  F-18  and  F-111.  These  windows  require  a broad  band 
anti-reflective  coating  which  must  possess  the  fo?.lowlng  properties: 

o High  transmittance  over  the  wavelength  range  of  interest, 

o Extreme  durability  and  rain  erosion  resistance. 

o Hlgh-temperature  (200®C)  stability. 

o Coating  uniformity  over  stz  s up  to  14"  x 20", 

Zinc  sulfide  (ZnS)  is  currently  being  used  as  a window  material  tor  Forward 
Looking  Infrared  (FLIRl  r.hermal  {waging  sensors  tra-h  as  rhosi-  Imotporated  in 
the  PAVE  TACK  pod  and  the  IR  Maverick  Missile, 

Same  current  generation  Infrared  sensors  utilize  ZnS  windows,  anti- 
reflection  coated  to  provide  maximum  transmission  in  the  8.0  tc  12,0.m  region. 

The  addition  of  target  designation  and  range  finding  capability  to  such  sys- 
tems imposes  further  window  coating  requirements  at  l.O&^im  and  in  the  visible 
LLTV  region  (0.5  to  0.9uti)  and  necessitates  the  development  of  mul tispectral  anti- 
reflectance  coatings  which  can  survive  exposure  to  higi  speed  raindr.p  im- 
pingement. In  addition  to  the  rain  erosion,  such  coatings  must  also  exhibit 
extremely  high  durability  to  withstand  aerodynamic  heating  without  any  pe*-- 
formance  degradation. 

Since  the  feasibility  of  depositing  truly  rain  erosion  resistant  coat- 
ings for  the  8 to  12um  region  was  demonstrated  (Report  Number  AFML-TR-77-8) 
under  Government  Contract  No.  F-33615-76-C-5039,  the  initial  objective  of  this 
program  was  to  develop  a process  for  uniform  deposition  of  high  optical 


1 


oii.ilifv  r.iid  iTi'slon  r»-«i  i sf -in?  coat  inR"?  on  ZnS  window  blanks  up  tc  14  inches 
>*v  i»  inrfn-?f.  Hovrvrr  during  the  initial  phase  Of  the  pfogram«  It  was  fuuml 
that  the  ..hove  r.'in  erosion  coating  used  NdF^  and  even  though  it  passes  the 
r.iin  erosion  test  (1  inch/hour  simulated  rain  fall,  l.Simn  diameter  drops,  ex- 
po.'uire  t Itn.'  of  20  minutes  at  470  mph  and  78°  impact  angle),  ther.?  were  trans- 
mission losses  of  approximately  10%  after  the  rain  erosion  test. 

This  transmission  loss  was  attributed  to  Che  internal  fracturing  In  ZnS 
itself However  if  coatings  of  ZnSe/NdF^  aie  removed  from  the  substrate  by 
polisliing  after  the  rain  erosion  testing,  it  can  be  shown  that  the  loss  of 
transmission  due  to  intern.'  fracturing  in  ZnS  is  only  2%  to  3%.  The  rest  of 
the  loss  is  primarily  due  to  chemical  decomposition  of  the  NdF^  material  caused 
by  the  effects  of  water  absorbed  in  the  coating  material.  This  unexpected 
problem  necessitated  the  investigation  of  new  coating  materials,  and  the  de- 
velopment of  processes  to  fabricate  coatings  which  can  pass  rain  erosion  tests 
and  n''*  lose  transmission  by  more  ;.han  2%  to  3%.  The  materlaJ  ■ investigated  on 
this  program  were  various  fluorides  (ThF^,  CeF^,  YF^,  PrF^  and  LaP^)  as  low 
refractive  index  materials  and  ZnSe  as  the  high  refractive  index  material.  Two 
approaches,  double  layer  and  quarter-quarter,  were  utilized  for  designing  the 
infrared  AR  coating.  The  mulr ispectral  AR  coatings  were  designed  using  multi- 
layer stepgraded  index  coating  as  an  approximation  to  an  inhomogeneous  film. 

This  report  describes  the  successful  development  of  FLIR  (8.0  to  12,0um) 
and  multispectral  (0.5  to  0.9,  1.06  and  8.0  to  12.0pm)  wavelengths  antireflec- 
tion coatings  which  can  be  applied  to  large  ZnS  windows.  Various  optical  design 
methods  used  during  the  program  are  reviewed  in  Section  II  of  the  report  and  the 
process  and  function  techniques  developed  for  the  coatings  are  described  in  Sec- 
iL^r.  III.  The  iaeasureo  spectral  properties  of  various  coatings  before  and  after 
rain  erosion  tests  are  discussed  in  Section  IV  together  with  the  results  of 
durability  tests  (adherence,  hardness,  abrasion,  humidity,  salt  fog,  etc.)  for 
each  of  the  coating  types.  The  selection  process  of  the  coating  design  tor 
coating  the  large  window  samples  is  discussed  in  Section  V together  with  the 
fabrication  process.  The  optical  properties  of  coating  on  large  windows  are  also 
given  in  this  section.  Section  VI  describes  the  conclusion  and  recommendations 
made . 


Honeywell  Inc.,  Erosion  Resistance  AR  Coatings  for  IR  Windows, 
AFML-TR-77-8,  1977. 
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All  of  the  saiq>les  were  testeii  for  rein  erosion  tests  at  Air  Force 
facilities.  The  results  are  discussed  In  ^pendlx  A. 

As  a result  of  this  investigation,  eight  different  rain  erosion  resis- 
tant coating  systems  were  successfully  designed  and  fabricated.  One  of  these 
designs  was  selected  for  coating  the  two  large  window  test  samples  of  ZnS 
which  were  deli  ’p  ed  to  the  Air  Force  for  further  testing. 
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SECTION  II 


ANTI REFLECT ION  COATING  DESIGNS 


2.1  INTRODUCTION 

The  objective  of  this  program  is  to  ontimize  the  design  and  fabricate 
two  different  antireflectlve  coa4:lng  designs.  The  requirement  for  the  first 
antiref Lective  coating  design  using  ZnS  as  the  window  material,  is  95%  mini- 
mum transmission  over  an  8 to  12um  wavelength  band.  The  requirement  for  the 
second  antireflectlve  coating  design  is  95%  minimum  transmission  at  LLLTV 
(0.5  to  0.9iim),  laser  (l.Otum)  and  FLIR  (8  to  IZym)  wavelengths.  Since  the 
transmission  of  coated  windows  not  only  depends  upon  the  coating  design  but 
also  on  the  substrate  material,  it  is  necessary  first  to  discuss  the  optical 
properties  of  the  ZnS  window  material  before  attempting  to  optimize 
antireflection  coating  designs  for  it.  This  section  therefore  first  describes 
the  optical  properties  of  the  chemical  vapor  deposited  ZnS  manufactured  by 
Raytheon  Company.  The  subsequent  paragraphs  describe  the  various  techniques 
used  for  designing  AR  coatings  and  the  selection  process  used  for  the 
coatine  materials. 

2.2  VISIBLE/NIR/IR  OPTICAL  PROPERTIES  OF  ZnS  WINDOW  MATERIAL 

The  transmission  spectrum  of  an  uncoated  ZnS  window  material  shows 
large  losses  in  the  visible  and  NIR  regions  (Figure  2-1)  together  with  moder- 
ate loss  at  wavelengths  greater  than  lO.Ojjm  (Figure  2-2).  In  the  uncoated 
state,  window  losses  are  due  to:  (1)  intrinsic  absorption  characterized  by  an 
absorption  coefficient  a(A)  cm  ^,and  (2)  due  to  Fresnel  reflection  losses  at 
each  window  surface  given  by 


where  n(X)  in  the  refractive  index  of  Che  material.  The  spectral  curves  In 
Figure  2-1  show  the  effect  of  these  two  loss  mechanisms  on  the  window 
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transmission  in  the  visible  and  NIR  regions,  and  indicate  that  even  a perfect 
antireflection  coating  on  both  surfaces  cannot  cause  the  window  transtn-<.sslon 
to  be  the  required  95%  value  In  the  0.5  to  0.9vim  region  or  at  1.06pm.  Similar- 
ly, Increased  absorption  beyond  lO.Opin  (Figure  2-2}  limits  the  transmission  of 
r.  perfectly  antireflection  coated  window  to  less  than  95Z.  Figures  2-1  and 
2-2  indicate  the  transmission  of  a typical  ZnS  substrate,  although  It  should  he 
noted  that  large  variations  occur  from  substrate  to  substrate.  The  magnitude 
of  this  variation  Is  discussed  in  detail  in  Section  5.2.1.  The  variation  of 
window  absorption  with  wavelength  and  the  limited  bandwidth  of  antireflection 
coatings  must  also  be  considered  when  optimizing  window  transmission.  This 
variation  in  the  transmission  of  the  uncoated  window,  the  absorption  in  the 
window  material  and  the  limited  bandwidth  nature  of  antireflection  coatings 
must  be  taken  into  consideration  in  designing  the  coatings  to  provide  reduced 
reflection  losses. 

2.3  INFRARED  COATING  DESIGNS 

The  simplest  antiref lective  coating  design  consists  of  a single-layer 
coating  with  a refractive  Index  satisfying  the  following  equation: 


where  n is  the  refractive  index  of  the  incident  medium  and  n (=  2.21  at  10pm 
o s 

for  ZnS)  is  the  refractive  index  of  the  substrate.  The  optical  thickness  of  the 
layer  must  be  an  odd  multiple  of  a quarter  wave  at  the  design  wavelength.  Thus  a 
single  layer  of  material  with  an  index  of  1.49  and  of  mechanical  thickness  t = 
l.6Spm  would  produce  zero  reflectance  at  A = 10pm.  However  the  increase  in  re- 
flectance with  X as  we  move  away  from  10pm  will  be  too  large  and  will  not  meet 
the  requirements  of  the  program.  A broader  region  of  wavelength  over  which  the 
reflectance  is  low  can  be  achieved  eitlier  by  using  double-layer  antiref lection 
coatings  with  adjustable  film  thicknesses,  or  by  using  quarter-quarter  design 

with  inner  layer  synthesized  from  the  high  and  low  index  materials  In  the  form 

(2) 

of  a r.erpin  equivalent  layer ' . These  two  approaches  are  discussed  in  detail 

in  the  following  paragraphs. 

(2) 

A.  Herpin,  Compt.  rend.  225,  182  <1947). 
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Figure  2-2.  “'““I  2eS 

( .2  Thick)  Showing  Increased  Absorp- 
tion at  Wavelength  Greater  Than  10am 
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2.3.1  Double-layer  Coating  PeslRn  Ualng  Adiostgble  FIIb  Thickness 

If  tij  and  lij  are  tlie  refracclve  Indices  of  the  outer  and  Inner  layers, 
respectively,  the  zero  reflectance  can  be  obtained  if: 


•>  2 

o nr(n  -n  ) (n„-n  n ) 

► Iso  2 o a 

*'12  2 2 

1 s 2 o o s 1 

2 2 

n.(n  -n  ) (n  n -n.) 

2 ■ 2 8 0 O S 1 

tan^  ’;/2  " , 2 2 . , 2 . 

(n,n^-n  n Xn.-n  n ) 
Is  2 o 2 os 


217^ 


2TT  n^d^ 


dj^  and  d^  are  the  mechanical  thicknesses  of  outer  and  inner  layers 

The  above  equations  (only  true  for  normal  incidence)  first  derived  by 
(3) 

Schuster  are  illustrated  by  means  of  the  very  useful  Schuster  diagram 
(Figure  2-3).  In  this  diagram  n2  is  plotted  as  a function  of  with  n^  * 1 

(air)  and  n2  * 2.21.  The  diagram  illustrates  the  range  of  indices  n^^  and  02  for 

which  and  from  Equations  (3)  and  (4)  are  real,  and  for  which  zero  reflectance 
is  possible  on  a Zinc  Sulfide  substrate.  The  shaded  areas  are  the  regions  where 
zero  reflectance  can  be  obtained  with  real  values  of  and  Outside  of  the 

shaded  regions  zero  reflectance  is  not  possible  although  the  reflectance  can  be 

(4)  2 

quite  low  . The  horizontal  and  vertical  boundaries  are  graphs  of  n*  * n n 
2 & o s 

and  n,  * n n , respectively,  which  correspond  to  single  quarter-wave  antlreflec- 
1 o s 2 2 

tion  coating.  The  diagonal  boundary  is  a plot  of  the  equation  n.n  ■ n„n  , 

Is  2 o 

which  corresponds  to  a quarter-quarter  coating,  nroduclng  zero  reflectance. 

Coatings  corresponding  to  the  dashed  curve,  given  by  n^^n^  • “o”s’  layers 

of  equal  thickness  which  in  general  are  not  Integral  multiples  of  one-quarter 
wavelength  thickness. 


H.  Schuster,  Ann.  Phys.  (6)  4.  352  (1949). 
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R#*fractive  Index  (n^)  of  Outer  Layer 

Figure  2-3.  Schuster  Diagram  for  Double-Layer  AR 
Coatings  on  ZnS 
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Thus,  from  the  Schuster  diagram  the  acceptable  ranges  of  indices 
for  double  layer  AR  coatings  on  ZnS  are  1.0-1. 6 for  n^^  and  1.5  - 2.^ 
for  n^*  The  coating  designs  based  on  this  conclusion  are  discussed  in 
Section  2.5. 


2.3.2  Quarter-Quarter  Coating  Design  Utilizing  a Herpln  Equivalent  Index 
Inner  Layer 

The  other  coating  design  utilizing  two  films,  each  of  quarter  trave  opti- 
cal thickness  for  zero  reflectance,  can  be  understood  given  the  following  con- 
siderations. An  important  film  construction  which  gives  zero  reflectance  is 


and 


or 


2 2 

n,n  = n.n 
Is  2 o 


''l  ~ '^2  ~ -l)y,  in  = l,2,  3 


= (2m  - 1)  J 


(5) 


(6) 


Thus  each  layer  is  of  an  odd  multiple  of  quarter  wavelength  thichness. 

In  designing  the  AR  coating  on  this  principle,  usually,  the  outer  layer 
is  chosen  from  tlie  durability  and  refractive  index  point  of  view  (the  lower 
the  index  of  the  outer  layer,  the  better  the  transmission).  The  refractive 
index  of  the  inner  layer  is  then  calculated  from  Equation  (5).  In  practice, 
the  calculated  value  of  the  inner  layer  is  such  that  no  known  material  with 
that  refractive  index  exits.  In  such  c case,  a synthesized  layer  from  low 
and  high  index  materials  in  the  form  of  a Herpin  equivalent  layer  is  con- 
structed to  achieve  the  required  index.  This  technique  has  been  utilized  for 
some  of  the  coating  designs  on  this  program.  Also,  when  the  outer  layer  Is 
chosen  to  be  ThF^,  a very  thin  protective  overcoat  of  CeF^  is  needed,  as  shown 
experimentally,  to  increase  the  durability  of  the  coatings. 
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2. A VISIBLE/NIR/IR  COATING  DESIGNS 


The  nultispectral  AR  coating  was  designed  using  a multilayer  step** 
graded  index  coating  as  an  approximation  to  an  inhomogeneous  filn^^\  This 
method  considers  a step-function  approximation  to  a graded  index  fllm»  l.e., 
a film  whose  refractive  index  descreases  monotonies lly  In  relatively  small 
steps  from  the  index  available.  The  most  commonly  used  step-functions  In  the 
designing  of  multilayer  AR  coatings  are  linear  and  exponential  functions.  This 

means  that  the  Index  of  the  layer  decreases  linearly  or  exponentially  from  the 
substrate  side  to  the  air  side.  During  the  initial  computer  phase  of  the  design, 
it  was  found  that  an  exponentially  graded  Index  film  system  provides  slightly 
better  anltreflecting  properties  than  the  linearly  graded  index  film  system 
as  applied  to  the  present  program  requirement.  Uence  exponentially  graded  films 
were  used  throughout  this  program.  Theoretical  calculations  have  been  carried 
out  for  5 and  10  layer  (each  quarter  wave  in  the  visible  region)  exponentially 
graded  films  with  MgF2  as  the  outermost  layer.  The  results  are  plotted  in  Fig- 
ure 2-‘\.  In  order  to  achieve  low  reflectance  in  the  8 to  12HTa  region,  the 
thickness  of  the  last  layer  was  adjusted  so  that  the  total  thickness  of  the 
layer  becomes  a quarter  wave  at  some  wavelength  between  8 to  12ym.  The  reflec- 
tance versus  wavelength  results,  as  plotted  in  Figure  2-4,  ahow  that  the  addi- 
tional mechaalcal  complexity  of  a 10  layer  design  Is  not  warranted  in  terms  of 
decreased  integrated  reflectivity  when  compared  to  the  5-layer  design.  For  this 
reason  5 la'y«:r  detiigns  were  chosen  foe  all  multispectral  antireflection  coatings 
during  the  remainder  of  the  program.  Since  the  mechanically  thinner  design  re- 
duces the  effect  of  intrinsic  film  stresses  at  the  film/substrate  boundary,  an 
additional  advantage  of  the  5 layer  design  is  improved  durability.  The  use  of 
a multilayer  graded  index  coating  requires  refractive  indices  for  the  inter- 
mediate layers  for  which  coatings  arc  not  available.  Thus  these  layers  need  to 
be  synthesized  using  Herpln  equivalent  layers  constructed  from  the  highest  and 
lowest  available  refractive  indices  chosen  from  real  thin  film  materials. 


(5) 

J.  Cox  and  G.  Hass,  Phys.  of  Thin  Films,  2,  239  (1964). 
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2.5  SELECTION  OF  MATERIALS  AND  VARIOUS  COATING  DESIGNS 


A literature  search  was  made  on  a large  variety  of  coating  materials 
based  on  qualifying  refractive  Indices.  ZnSc  was  chosen  as  the  high  index 
material  because  of  its  knovm  ability  to  adhere  to  a ZnS  substrate.  The  low 
index  materials  were  chosen  on  the  basis  of  durability  as  well  as  the  ease 
with  which  they  can  be  deposited  in  combination  with  ZnSe.  All  of  the  mate- 
rials except  Praseodymium  Fluoride  (PrPj)  deposited  were  compatible 
with  ZnSe.  In  some  designs  Cerium  Fluoride  was  used  as  a protective  overcoat. 

All  of  the  designs  fabricated  are  listed  in  Table  2-1. 

2.6  THEORETICAL  REFLECTIVITIES  OF  VARIOUS  DESIGNS 

Theoretical  reflectivities  of  various  coating  designs  fabricated  under 
this  program  are  shown  in  Figures  2-5  to  2-15.  From  these  curves,  it  is  evi- 
dent that  the  program  goal  of  less  than  17.  reflectivity  at  all  wavelengths 
cannot  be  met  either  for  double  layer  coatings  or  multilayer  coatings.  However, 
using  a quarter-quarter  design,  a theoretical  reflectivity  of  less  than  IZ  at  all 
wavelengths  between  8 to  12uin  can  be  obtained  with  the  exception  of  the  ZnSe/CeF^ 
assign . 

The  next  section  (Section  III)  describes  the  coating  fabrication  facili- 
ties. The  spectral  transmission  and  reflectance  measurements  of  the  coatings 
based  on  the  above  theoretical  design  are  described  in  Section  IV. 


TABLE  2-1.  VARIOUS  COATING  DESIGNS 


•nPE  OF  COATING 

TYPE  OF  DESIGN 

COATING  DESIGN 

Infrareo 

Double  Layer 

ZnSe/NdF^ 

ZnSe/NdFj/CeFj* 

ZnSe/PrF^ 

ZnSe/LaF^ 

ZnSc/YFj 

ZnSe/CeFj 

Quarter-Quarter 

.. 

ZnSe/YF^/ZnSe/YFg 

ZnSe/LaF^/ZnSe/LaF^ 

ZnSe/CeFj/ZrSe/CcF|j 

ZnSe/ThF^/ZnSe/ThF^/CeFj* 

Visible/NIR/IR 

Multilayer 

(ZnSe/ThF^)^ 

(ZnSe/ThF^)^MgF2 

(Zn3e/ThF^)^CeF3* 

(Zn3e/YF^)^ 

CeF 
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Figure  2.8.  Theoretical  Reflectivity  Curve  of  Double  Layer  Design 
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I 


Theoretical  Reflectance  (7.) 


Wavelength  (mdi) 

Figure  2-11.  Theoretical  Reflectivity  Curve  of  Quarter-Quarter  Design 
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Figure  2-15.  Theoretical  Reflectivity  of  VIS/NIR/IR 

Coating  with  CeF3  ae  Protective  Overcoat 
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SECTION  111 


COATING  FAWICATIOW 


3.1  INTRODL’CTICW 

This  section  briefly  describes  the  actual  substrate  and  coating  deposi- 
tion procedures  and  also  includes  a brief  dcscriptior.  of  the  coating  chambers 
and  their  associated  apparatus. 

3.2  SUBSTRATE  FABRICATION 

ZnS  substrates  (1.5"  x 0.5"  x 0.2")  were  fabricated  from  Raytheon  ZnS 
blanks.  The  cutting  and  polishing  were  done  at  Perkin-Elmer.  Ihe  surfaces  of 
the  substrates  were  prepared  using  conventional  polishing  techniques.  The  sub- 
strates met  the  following  specifications. 


Flatness: 

l\  ill  ' 

o 

•Scratch  to  Dig  Ratio: 

60/40 

o 

Beve 1 : 

0. 75n3n 

The  larger  ZnS  windows  (2.0"  x 2.0"  x 0.5")  were  also  cut  and  polished  from 
Raytheon  ZnS  blanks.  They  were  polished  to  the  same  specification  as  small 
ZnS  substrates. 


>1 

4 
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3.3  COATING  CHAMBERS 

All  of  the  optical  coatings  for  this  program  were  done  in  a 36-inch  and 
a 56-inch  box-type  vacuum  evaporation  system.  Figures  3-1  and  3-2  show  photo- 
graphs of  the  two  chambers  utilized  in  this  program.  Table  3-1  shows  the  type  of 
vacuum  system  and  control  systems  used  for  these  chambers. 

The  opcical  monitoring  system  used  in  both  evaporation  systems  allows 
separate  monitoring  of  each  film  in  a dielectric  stack  by  means  of  a multiple 
monitor  slide  head.  The  combination  of  this  technique  and  the  ability  to  moni- 
tor at  any  wavelength  in  the  0.3i.ia  to  2. Sum  region  allcmrs  monitoring  of  the 
optical  film  thickness  to  accuracies  of  one-half  7.  or  better. 


TABLK  3-1.  SUMMARY  OF  THE  FKATURF.S  OF  PERKIN-ELMER 
HIGH  VACUUM  EVAPORATION  SYSTEM 


*5 

l««fl 
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3.4  cQfrmi  tAmtctatm  viwiimms 


Hajor  ;aratneter«  of  Che  coating's  preparation  are  discussed  In  the  follow- 
ing subsections: 

3*4.1  Surface  Cleanlnn  of  Substrates 

The  substrates  were  first  rinsed  in  deionized  water,  then  scrubbed  with 
..otton  and  ot*/ls  detergent.  After  scrubbing,  the  substrates  were  again  rinsed 
with  deionized  water  and  then  flushed  with  Isopropyl  alcohol.  After  flushing, 
the  substrates  were  left  to  dry  in  a clean  bench  class  100  envlroniaent. 

3.4.2  Purity  of  Source  Materials  for  Vacuum  Deposition 

All  of  the  naterials  used  for  deposition  during  this  program  were  obtained 
from  either  CERAC,  Incorporated,  or  Research  Chemicals  and  were  99. 9X  or  better 
in  purity. 

3.4.3  Fre-Deposition  Cleaning  of  Substrates 

Substrates  were  cleaned  in  a vacuum  before  coating  deposition  by  the  use 
of  glow  discharge.  The  typical  time  for  glow  discharge  was  15  minutes. 

3.4.4  Pressure  During  Deposition 

The  typical  pressure  range  for  a various  coating  deposition  runs  was  1.0 
to  5.0  X lO”^  torr. 

3.4.5  Deposition  Rates 

The  materials  were  deposited  either  by  electron  gun  or  by  resistant  heat- 
ing of  a platinum  boat.  Typical  deposition  rstes  were  12  tsS/scc. 

3.4.6  Substrates  Temperature 

All  the  samples  for  rain  erosion  test  were  coated  at  350  to  substrate 

temperatures. 
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3.5  POST-'AKSEALfSG  OF  CQ&T^  SAMPl  Pf? 

•Ift.r  dep„.,u.„  of  coo.  d,»„  „,  cH.,„0cc,  ,ot. 

«tr„tc.  vcrc  .,,l.c„  out  f,„„  „,c  choM,.c  o„d  pipccd 

dnncol.ng  n«uro.  T„l.  ,„t„„  cop.ol.  pcco^odpt in,  =o„,„p-f„„c 
( .5  n 0.5'  . 0.2")  or  .lx  (2»  , 2")  2„s  p,„„  nnd  c.n  b. 

of  1""'  Tf  fhronsh  nu 

coated  piece.  p„„e„„e.Ied  at  200-C  for  2 hour.  In  . dr,  nitrogen 

atmosphere.  ^ 


KiRurc  3-1.  36"  IUj>h  Vu-.'ium  !'vapotation  System 


Klfiurc  3-2.  56"  lUgl,  Vacuum  Evaporation  System 


SECTICW  IV 


RESULTS  OF  COATING  FABRICATION 

4 . 1 1NTR0DUCTIC»J 

This  chapter  presents  the  results  of  various  measurements  conducted  on 
the  optical  coatings  fabricated,  based  on  the  theoretical  designs  outlined  in 
Section  II.  Spectral  measurements,  transmission  and  reflectance  on  the  samples 
were  made  before  and  after  the  rain  erosion  test.  The  actual  rain-erosion  test 
was  conducted  at  Air  Force  facilities  and  is  described  in  Appendix  A.  However, 
the  results  of  the  test  are  summarized  in  this  Section.  In  addition  to  the 
spectral  data,  durability  tests  which  include  adhesion,  hardness,  abrasion, 
solubility,  salt  fog  and  humidity  tests,  conducted  at  Perkin-Elmer,  are  also 
included.  All  substrates  used  were  the  test  samples  of  ZnS  of  dimensions 
1.5"  X 0.5"  and  0.2"  thick. 

4.2  SPECTRAL  MEASUREMENTS 

Transmission  and  reflection  measurements  in  infrared  were  performed  on 
the  Perkin-Elmer  spectrophotometer  models  #180  and  #5800.  The  visible 
and  near  infrared  measurements  on  vlsible/NIR/IR  coatings  were  performed  on 
Hitachi  Model  ^323.  The  results  of  spectral  measurements  on  the  uncoated  sub- 
strates and  substrates  coated  with  various  types  of  coatings  are  described 
below. 

4.2.1  Uncoated  Substrate 

The  optical  transmission  of  randomly  picked  uncoated  substrates  were 
measured  in  visible  and  ufrared  and  is  shown  in  Figure  4-1.  A large  varia- 
tion in  visible  and  near  infrared  transmission  (up  to  127.  at  1.06um)  was  found 
from  piece  to  piece.  A much  smaller  variation  among  pieces  was  found  in  in- 
frared. A maximum  variation  of  27.  in  transmission  was  found  among  pieces  at 
lOum. 
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The  effect  of  the  fain  erosion  test  (l-inch/hour  raintall,  i.Bma  drop 
size.  470  mph  drop  Impact  velocity,  90“  impact  angle  and  20  minute  exposure 
time)  on  the  visible  and  infrared  transmission  of  an  uncoated  substrate  Is 
shtvn  in  Figure  4-2.  A much  larger  transmission  drop  was  observed  in  visible 

and  near-infrared  as  compared  to  far  infrared  wavelengths.  The  transmission 
loss,  Hue  to  cracks  nroduced  bv  the  rain  erosion  test,  was  at  l.Ofiym  compared, 
to  2.5%  at  lOlim. 

The  transmission  of  an  uncoated  ZnS  piece  was  also  measured  at  200°C  in 
infrared  and  is  shown  in  Figure  4-3  together  with  the  transmission  at  room 
temperature.  No  significant  variation  in  transmission  was  observed  for  the  two 
temperatures.  The  visible/NIR  transmission  could  not  be  measured  at  200“C 
as  the  substrate-heater  housing  would  not  fit  into  the  small  sample  compart- 
ment of  tlie  Hitachi  spectrophotometer. 

A . 2 . 2 Infrared  Coatings 

The  effects  of  the  rain  erosion  test  on  the  transmission  of  infrared 
coatings  arc  summarized  below.  (Details  aie  discussed  in  Appendix  A.) 

a)  Double  Layer  Coating;  Largo  transmission  losses  were  observed 
on  coatings  containing  NdF^  as  indicated  in  Figures  4-4  and 
4-5.  This  transmission  loss  was  attributed  to  absorption  in 
the  complex  compound  formed  by  the  chemical  reaction  of  NdF^ 
and  water.  Double  layer  coatings  of  ZnSe/YF^,  ZnSe/LaF^  and 
ZnSe/CeF^  did  not  lose  much  transmission.  The  losses  on 
these  coatings  were  within  those  of  uncoated  substrates.  The 
losses  were  due  to  cracks  in  substrates  produced  bv  the  rain 
drop  impact. 

b)  C?uartcr-Ouartor  Coating:  All  the  quarter-quarter  coatings 
passed  the  rain  erosion  test  with  transmission  losses  com- 
parable to  or  less  chan  the  losses  of  uncoated  substrates. 

Losses  in  the  various  coatings  are  indicated  in  Figures 
4-9  through  4-12.  These  coatings  were  much  broader  than 
double  layer  coatings,  as  indicated  by  their  reflectance 
curve.  Samples  of  coating  ZnSe/ThF^/ZnSe/ThF^/CeF^  were 
tested  for  various  rain  erosion  tests.  On ‘each  test,  no 
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Figure  4-3.  Transnilssion  of  Uncoated  0.2"  Thick 
ZnS  Piece  at  Room  Temperature  and 
200  "C 
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Betore  The  Rain 
Erosion  Test 


After  rhe  Rai 


Refllectanci 


wavelength  (^]n) 

Rain  Erosion  Test  Paraneter;  1 Inch/Hour  Rainfall^  l.Sinn  Drop 
Size,  Impact  Velocity  470  nph.  Impact  Angle  78*,  Exposure  Time 
30  Minutes. 

Figure  4-4.  Transmission  Before  and  After  Rain  Erosion  Tasting  of  znS  Piece 
(AFML  #9023)  Coated  on  One  Side  with  ZnSe/NdF„.  Reflectance  of 
the  Coating  is  Also  Given. 
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Wavelength  (um) 


Rain  Eroaloo  Test  Paraneter;  I Incb/Hour  Rainfall,  l.Snra  Drop 
Size,  Impact  Velocity  470  mph.  Impact  Angle  90®,  Expoaure  Time 
20  Minutes. 

Figure  4-5.  Transmission  Before  and  After  Rain  Eroslcn  Testing  of  znS  Piece 
(AFML  #9123)  Coated  on  One  Side  with  ZnSe/NdF^.  Reflectance  of 
the  Coating  Is  Also  Given. 
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Wavelength  (un) 

Rain  Erosion  Test  Parameter;  I Inch/Hour  Rainfall,  l.Snan  Drop 
Size,  Impact  Velocity  470  mph.  Impact  Angle  90",  Exposure  Time 
20  Minutes. 


Figure  4-6.  Transmission  Before  and  After  Rain  Erosion  Testing  of  ZnS  Piece 
(AFML  #9602)  Coated  on  One  Side  with  ZnSe/YF^.  Reflectance  of 
the  Coating  is  Also  Given. 


7 8 9 10  11  12  13 


tfavelengtli  (mv) 

Rain  Eroalon  Test  Pareaeter;  1 Incb/Hour  Rainfall,  l.Sns  Drop 
Size,  Impact  Velocity  470  i«>h.  Impact  Angle  90®,  Exposure  Time 
20  Minutes. 

Figure  4>7.  Tronsmlselon  Before  and  After  Rain  Erosion  Testing  of  ZnS  Flece 
(AFML  #9605)  Coated  on  One  Side  with  ZnSe/LaF^.  Reflectance  of 
the  Coating  is  Also  Given. 


R«f lectance/Transmlttance  (%) 


Rain  Erosion  Teat  Paraaietert  1 Zncb/Hcur  Rainfall,  l.Smi  Drop 
Size,  Inpact  Velocity  470  Iniuict  Angle  90’,  B^q>oaure  Tine 
20  Minutes. 

Figure  4'B.  Transnlssiou  Before  and  After  Rain  Erosion  Testing  of  ZnS  Piece 
(AP?fL  #9607)  Coated  oa  One  Side  vlth  ZnSe/CeF_.  Reflectance  of 
the  Coating  is  Also  Given. 
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RAXM  EROSION  TEST  PAKAMETEXS 


Test  S 

Rate  of  Rainfall 
Inch/Uour 

Drop  Sise 
tM 

Impact 

Velocity 

HPB 

1 Impact 
Angle 

Exposure  Time 
Minutes 

1 

1.0 

1.8 

470 

90* 

20 

2 

1.0 

1.6 

575 

90* 

5 

3 

0.4 

0.7 

682 

90* 

1 

Figure  4-9.  Tranwnlesion  After  Various  Rain  Erosion  Tests  on  znS  Pieces  Coated 
with  ZnSe/ThF./ZnSe/ThF./CeFj.  Transsiittance  and  Reflectance  Be- 
fore the  Rain  Erosion  Test  ii  Also  Given. 
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Rain  Erosion  Test  Parameter;  I Inch/Hour  Rainfall,  I.Sinn  Drop 
Size,  Impact  Velocity  470  mph.  Impact  Angle  90°,  Exposure  Time 
20  HinuCes. 
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Figure  4-lOr  Transnitislon  Before  and  After  Rain  Erosion  Testing  of  EnS  Piece 
(Am.  #10221)  Coated  on  One  Sidr  with  (znSe/LaF./ZnS/LaF.) . Re> 
flectance  of  the  Coating  Is  Also  Given, 
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7 8 9 10  11  12  13 

Wavelength  (nm) 

Ralr  Erosion  Test  Parameter;  I Inch/Hour  Rainfall,  l.Stnn  Drop 
Size,  Impact  Velocity  470  mph.  Impact  Angle  90°,  Exposure  Time 
20  Minutes. 

Figure  4-11.  Tzansirlsslon  Before  and  After  Rain  Erosion  Testing  of  ZnS  P^ece 
(AFMI,  #10222)  Coated  on  One  Side  with  (ZnSe/CeFj/ZnSe/CeF-.  Re- 
flectance of  the  Coating  is  Also  Glveri. 
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wavelength  (mn) 

Rain  Erosion  Test  Faranieter:  1 Inch/Hour  Rainfall,  I, Sum  Drop 
Size,  Inipact  Velocity  470  mph,  Impact  Angle  90”,  Exposure  Time 
20  Minutes. 

Figure  4-12.  Transmission  Before  and  After  Rain  Erosion  Testing  of  ZnS  Piece 
(AFML  #10225)  Coated  on  One  Side  with  (ZnSe/YTj/ZnSe/yFg) . Re- 
flectance of  Che  Coating  is  Also  Given. 
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coating  removal  was  observed.  A comparison  between  Figure  A-9 
and  AFML  data  on  transmission  losses  of  Aincoated  substrates 
indicated  that  losses  were  due  to  damage  in  the  substrates. 


4.2.3  Visible/NIR/IR  Coatings 

Large  transmission  losses  were  observed  in  visible,  near-infrared 

and  infrared  for  (ZnSe/ThF  )^MgF.,,  (ZnSe/ThF. .and  (ZnSe/ThF, )^CeF_  coatings 

4 2 A ’ 4 3 

as  indicated  by  Figures  4-13  through  4-18.  Absence  of  peaks  in  the  visible 
transmission  curves  of  these  coatings  after  the  rain  erosion  test  indicates 
that  many  coatings  layers  have  been  removed  during  testing.  This  is 
consistent  with  our  conclusion  from  rain  erosion  test  data  discussed  In 
Appendix  A,  paragraph  A3. 

The  transmission  losses  in  (ZnSe/YF^)^  coatings  were  small  in  infrared, 
as  indicated  by  Figure  4-19.  No  coating  removal  was  observed  on  these 
coatings.  The  presence  of  Che  peaks  in  the  vlsible/NIR  transmission  curve 
(Figure  4-20)  after  the  rain  erosion  test  also  suggests  no  removal  of  coating. 
The  transmission  losses  were  due  to  cracks  in  the  substrate.  Thus,  (ZnSe/YF^)' 
multi-layer  design  is  an  acceptable  rain  erosion  resistant  visible ' NIR/IR 
coating. 

4.3  DURABILITY  TFSTS 

Durability  t®sts  were  performed  at  Perkln-Elmer  and  the  results  are 
summarized  below. 


4.3.1  Infrared  Coatings 


a)  Double  Layer  Coatings:  All  the  double  layer  coatings  except 
ZnSe/NdF^  passed  adhesion,  hardness,  abrasion,  solubility, 
salt  fog  and  24-hour  humidity  tests  per  MIL-C-bl.SA.  The 
ZnSe/NdF^  coating  passed  adhesion,  hardness  and  abrasion 
tests  but  failed  the  24-hour  humidity  test.  This  coating 
was  not  tested  for  either  solubility  or  salt  fog.  ZnSe/YF^, 
ZnSe/LaF^  and  ZnSe/CeF^  also  passed  an  extended  salt  fog 
test  of  5 days  and  a humidity  test  of  10-days  duration. 
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Wavelength  (tiui) 

Rain  Erosion  Test  Parawefcer;  I Inch/Hour  Rainfall,  l.Sinn  Drop 
Size,  Impact  Valocity  470  roph,  Impact  Angle  90”,  Exposure  Time 
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slble/BlR/ZR  boa 


After 


Wavelength  (jim) 

Rain  Erosion  Test  Parameter;  1 Inch/Hour  Rainfall,  l.Smm  Drop 
Size,  Impact  Velocity  470  mph.  Impact  Angle  90®,  Exposure  Time 
20  Minutes. 

Figure  4-14,  Visible  Transmission  Before  and  After  Rain  Erosion  Testlng^of 

ZnS  Piece  (AFML  #9167)  Coated  on  One  Side  with  (ZnSe/ThF^)  MgF 
Reflectance  of  the  Coating  is  Also  Given. 


Wavelength  ((xn) 

Rain  Erosion  Test  Parainetert  1 Inch/Hour  Rainfall,  l.Snin  Drop 
Size,  Impact  Velocity  470  mph,  Impact  Angle  90”,  Exposure  Tine 
20  Minutes. 

Figure  4-15.  Infrared  Transmission  Before  and  After  Rain  Erosion  Testing  of 
ZnS  Piece  (AFML  #9169)  Coated  on  One  Side  with  (ZnSe/ThF^)  . 
Reflectance  of  the  Coating  is  Also  Given. 


Wavelength  (mib) 


Figure 


Rain  Erosion  Test  Parameter;  I Inch/Bour  Rainfall,  l.Sinn  Drop 
Size,  Impact  Velocity  470  mph.  Impact  Angle  90®,  Exposure  Time 
20  Minutes. 

><-16.  Visible  Transmission  Before  and  After  Rain  Erosion  Testlng^of 
ZnS  Piece  (AFML  #9169)  Coated  on  One  Side  with  (ZnSe/ThF^)  . 
Reflectance  of  the  Coating  Is  Also  Given. 


Ref lectance/Transmlttance  (%) 
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Wavelength  (um) 

Ruin  broslon  FaiaineLer;  1 Inch/Hour  Rainfall,  l.Snin  Drop  Size, 
Impact  Velocity  470  mph.  Impact  Angle  90°,  Exposure  Time  20 
Minutes. 

Figure  4-17.  Infrared  Transmission  Before  and  After  Rain  Erosion  Testing  of 

ZnS  Piece  (AFML  #9171)  Coated  on  One  Side  with  (ZnSe/ThF^)  CeF^. 
Reflectance  of  the  Coating  is  Also  Given. 
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Wavelength  (jim) 


Rain  Erosion  Paraineter;  1 Inch/Hour  Rainfall,  1.8iiin  Drop  Size, 
Impact  Velocity  470  mpb,  Iiiq[>act  Angle  90*,  Exposure  Time  20 
Minutes . 

Figure  4-18.  Visible  Transmission  Before  and  After  Rain  Erosion  Testing^of 

ZnS  Piece  (AFML  #9171)  Coated  on  One  Side  with  (ZnSe/ThF^)  CeF 
Reflectance  of  the  Coating  is  Also  Given. 


Reflectance/Transmittance  (%) 


7 8 9 10  H 12  13 


wavelength  (^m) 

Rain  Erosion  Test  Parameter;  1 Isich/Hour  Rainfall,  l.Sran  Drop 
Size,  Impact  Velocity  470  mph.  Impact  Angle  90",  Erpcaure  Titne 
20  Minutes. 

Figure  4-19.  Infrared  TranamisGlon  Before  and  After  Rain  Erosion  Testing  of 
ZnS  Piece  (APMl  #10226)  Coated  on  One  Side  with  (ZnSe/YF^)  . 
Reflectance  of  the  Coating  Is  Also  Given. 
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Reflectance/Trarsmittance  (7.) 


Wavelength  (^m) 


Rain  Erosion  Test  Parameter;  1 Inch/Hour  Rainfall,  I.Skid  Drop 
Size,  Iiq>act  Velocity  470  mph.  Impact  Angle  90°,  Exposure  Time 
20  Minutes. 

Figure  4-20.  Visible  Transmission  Before  and  After  Rain  Erosion  Testing  of 
ZnS  Piece  (AFML  #10226)  Coated  on  cue  Side  with  (ZnSe/YF^) , 
Reflectance  of  the  Coating  Is  Also  Given. 
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b>  qaaLteL--<}uarter  CoatinEa;  All  the  quartez-quarter  coatings 
passed  irhc  adhesion,  hardness,  abrasion,  solubility,  salt 
fog  and  24  hour  humidity  test  per  MIL-C-675A.  ZnSe/YPj/ 

ZnSe/YFj  and  ZnSe/ThF^/ZnSe/ThF^/CeFj  coatings  were  also 
tested  for  an  extended  salt  fog  test  of  5 days.  Both  of 
the  coatings  passed  this  test.  ZoSe/ThF^/ZaSe/ThF^/CeF^ 

coatings  were  also  tested  for  the  10  day  htanldity  test 
and  dust  (fine  sand)  test  per  KIL-STD-SlOc  and  success^ 
fully  passed  the  test. 

4.3.2  Vtslble/MIR/IR  Coatings 

All  of  the  t^isible  coatings  passed  adhesion,  hardness,  abrasion  and  24 
hour  humidity  tests.  Only  (ZnSe/YF^)^  coatings  were  tested  for  salt  fog_and 
solubility.  This  coating  passed  both  these  tests. 

4.4  SUHMAPY  OF  RESULTS 

Eight  different  coatings  passed  the  various  rain  erosion  tests.  The 
transttission  losses  on  the  coated  substrates  were  comparable  with  transmission 
losses  on  the  uncoated  substrates.  In  other  words,  the  transmission  losses 
were  mainly  due  to  cracks  in  the  substrate  produced  by  the  impact  of  the  drop 
and  not  due  to  any  degradation  of  coatings.  The  coating  designs  which  passed 
the  rain  erosion  tests  are  given  below.  All  of  the  coatings  were  deposited  at 
3T5’C  and  were  post  annealed  at  200'’C  in  dry  nitrogen  flow  for  2 hours. 


Type  of  Design 


Double-Iwiyer 


^jarter-i^rter 


I Vis 


Visible/NIR/IR 


Coating  Des’'gns 


ZnSe/YF- 


ZnSe/LaF, 


ZnSe/CeF- 


ZnSe/YFyZnSe/'/Fj 

Znse/UFj/ZnSe/LaF^ 


ZnSe/CeFj/ZnSe/LaF^ 

ZnSe/ThF^/ZnSe/ThF^/CeFj 


(ZnSe/YF^)^ 


None  Qf  tha  ctjatings  wet  the  reflectivity  requlraseat  of  < IX  «t  ell 
wavelengths  between  8-12um  for  Infrared  coecings  and  between  0.5  to  0.9,  1.06 
and  between  8-12um  for  Visible/NIR/IR  coatings.  However,  two  quarter-quarter 
coatln»;(2nSeAF3/ZnSe/YF3  and  ZnSe/LaF3/ZnSe/LaF3)  case  cJose  to  wcetlng  the 
requirement.  Table  4-1  shows  the  waximma  and  average  reflectivities  of  all  the 
rain  erosion  resistant  coatings.  In  general,  quarter-quarter  coatings  have 
better  reflectivities  because  of  their  broad  band  nature.  The  Visible/NIR/IR 
coating  also  did  not  meet  the  requirement.  The  coating  has  a reflectivity  of 
less  than  2%  at  l.Obum.  The  visible  reflectivity  is  high.  It  is  believed  that 
the  coating  can  be  optimized  for  better  reflectivity  provided  the  visible  pro- 
perties of  YF.  can  be  accurately  established. 

Table  4-2  summarizes  the  rain  erosion  data  on  these  coatings,  lable 
4-3  summarizes  the  data  on  durabilities  of  these  coatings.  All  of  the 
eight  coatings  met  all  the  durability  requirements  of  the  program. 
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DURABILITIES  OF  RAIN  EROSION  COATINGS 


SECTION  V 


COATING  FABRICATION  OF  LARGE  WINDOW  SAMPLES 

5 . 1 INTRODUCTION 

This  section  first  describes  the  selection  process  of  a coating  design. 

The  coating  fabrication  poocess  and  optical  and  mechanical  properties  of  the 
coating  selected  from  the  eight  designs  mentioned  previously  are  discussed  in 
the  following  paragraphs. 

5.2  SELECTION  OF  COATING  DESIGN 

In  all,  th'^re  were  eight  coatings  which  passed  the  rain  erosion  test. 

The  primary  program  requirement  of  low  reflectivity  over  the  whole  8 to 

band  automatically  reduces  the  choice  to  four  quarter-quarter  coatings: 

(a)  ZnSe/YF^/ZnSe/YF^,  (b)  ZnSe/LaF^/ZnSe/LaF^,  (c)  ZnSe/CeF^/ZnSe/CeF^,  and 

(d)  ZnSe/ThF^/ZnSe/ThF^/CeF^.  Double  layer  and  Vlsible/NIR/IR  coatings  are 

eliminated  as  candidate  designs  because  they  are  not  broad  enough  for  the  whole 

8 to  12uro.  Also,  optical  properties  of  LaF„  and  YF^  are  neither  well  documented 

nor  well  known  and  their  long  term  mechanical  properties  also  are  not  well 

known.  Therefore,  the  coating  designs  utilizing  these  materials  were  not  chosen. 

This  reduces  the  choice  to  two  coatings,  namely  ZnSe/CeF^/ZnSe/CeF^  and  ZnSe/ 

ThF, /ZnSe/ThF ,/CeF_.  Since  ThF,  has  a lower  refractive  Index  than  CeF,,  theo- 
A 4 3 A i 

retically  ZnSe/ThF^/ZnSe/ThF^/CeF^  should  give  better  AR  coating  than  ZnSe/CeF^/ 
ZnSe/CeF^.  In  addition,  ZnSe/ThF^/ZnSc/ThF^/CeF  coatings  have  passed  three  dif- 
ferent rain  erosion  tests  and  have  also  passed  extended  salt  fog  and  humidity 
tests.  Therefore,  this  coating  was  selected  for  coating  fabrication  of  large 
windows . 

In  summary,  the  znSe/ThF^/ZnSe/ThF^/CeF^  coating  was  chosen  over  other 
coatings  for  the  following  reasons. 

o Perkin-Elnier' s extensive  experience  in  depositing  znSe,  ThF^ 
and  CeFj  materials  at  375“C  in  comparison  to  L^F^  and  YF^. 
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u Prover  ability  of  such  citings  to  pass  more  than  one  type  of  rain 
erosion  test. 

o Perkln-Elmcr ' s extensive  experience  in  fabricating  2n3e/Thf^ 
coatings  with  CeP.^  protective  overcoat  on  large  windows  of 
up  to  14"  in  size  with  good  uniformity. 

o Known  ability  to  pass  salt  fog  and  humidity  tests  for  extended 
periods . 

o Broad  nature  of  coating  in  comparison  to  double  layer  coatings. 

5.3  DEPOSITION  PROCESS 

Both  of  the  large  windows  were  coated  at  the  same  time  in  a 56"  coating 
chamber,  previously  described  in  Section  3-3.  ZnSe  and  ThF^  were  deposited 
from  a platinum  boat.  CeF.,  was  deposited  from  an  electron  gun.  The  substrate 
temperature  was  360°C  and  the  evaporation  pressure  was  3 x 10  torr.  After 
removal  from  the  chamber,  the  window  samples  were  post  annealed  at  ZOO^C  for 
2 hours  in  a dry  nitrogen  gas  atmospliere. 

5.4  OPTICAL  AND  MECHANICAL  PROPERTIES 

Since  the  coating  put  on  the  large  window  samples  Is  an  infrared  coating, 
only  optical  properties  in  the  Infrared  region  are  presented  in  this  section. 
Figure  5-1  shows  the  transmission  curve  of  one  of  the  large  windw  samples,  be- 
fore and  after  coating,  between  the  2.5um  to  20|am  wavelength  range.  The  re- 
flectance curve  of  this  optimized  coating  is  shown  in  Figure  5-2.  The  average 
reflectance  of  the  coating  in  the  8 to  I2iim  wavelength  band  is  0.95%,,  and  maxi- 
mum reflectance  is  1.9%.  This  is  In  comparison  to  theoretical  values  of  0.45% 
av'erage  and  0.81%  maximum  reflectance.  The  discrepancy  between  the  theoretically 
predicted  values  and  the  experimentally  measured  values  is  due  to  dispersion  in 
the  film.  The  theoretical  model  does  not  take  into  account  the  dispersion  pro- 
cess of  coating  materials.  The  achieved  transmittance  and  reflectance  values 
of  the  Infrared  coating  are  suninarized  in  Table  5-1  together  with  the  theoreti- 
cally predicted  values.  The  small  discrepancies  are  due  to  dispersion  in  coat- 
ing materials.  Figure  5-3  compares  the  transmittance  of  a 0.2"  thick  coated 
ZnS  piece  measured  at  ZO^C  and  200"C.  Comparison  of  this  figure  with  Figure 
4-3  indicates  no  appreciable  transmission  losses  in  coating  due  to  heat. 
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f.  ThC-Coaflag  {tagged  -fehe  -fot  1 owing  dorab It Ity' tests  per  program  requlre- 

nnent ; 

Adherence  per  MIL-C-675 
Hardness  per  MIL-C-675 
Abrasion  per  MlL-C-675 
24  Hour  Humidity  per  MIL-C-675 
24  Hour  Salt  Fog  per  MIL-C-675 
Solubility  per  MIL-C-675 

I In  addition,  the  coating  also  passed  the  following  tests: 

10  Day  Humidity  per  MIL-STD-810C 
Dust  (Fine  Sand)  per  MIL-STD-SlOc 
5 Day  Salt  Fog  Test 

The  Nomarski  micrograph  of  this  coating  before  and  after  rain  erosion  tests  are 
! shewn  in  Figure  5-4.  No  coating  removal  was  observed  except  at  ring  cracks  in 

the  ZnS,  where  some  chipping  was  noted  when  the  coating  was  viewed  through  the 
_ microscope  at  157X. 


TABLE  5-1.  REFLECTANCE  AND  TRANSMITTANCE  VALUES  OF  AR 
COATING  ON  2"  x 2"  X 1/2"  ZnS  WINDOW  SAMPLE 


Wavelength 

\{um) 

■ 

REFLECTANCE  (7.) 

TRANSMITTANCE  (%) 

Theoretical 

Measured 

Theoretical 

Measured 

8 

0.74 

1.9 

95 

93 

9 

0.73 

1.7 

90 

88 

10 

0.46 

0,6 

88 

87 

11 

0.25 

O.l 

57 

57 

12 

0.27 

0.5 

56 

55 

1 

\ 

i 
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Figure  5-1.  Transmission  of  2"  x 2"  x 0.5"  Window  Sample 
Before  and  After  Coating  on  the  Sides 


4000  3000  2000  1600  lOOi 

Wavenumber  (cm"M 
Figure  5-2.  Reflectance  of  the  Coating 


Wavelength  Cu) 


Figure  S'S.  Transmittance  of  0.2”  Coated  znS  Piece 
at  Room  Temperature  and  200*0 


Figure  i-4.  Nomarski  Nierograph  of  Coated  Substrate  Before  and  After 
Rain  Erosion  Test.  (Magnl f iiat ion  = 1^7x) 


I. 
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SEC1IC8<  VI 


COWCLUSIONS  AND  RECOWffiNDATIOMS 


Prior  to  this  program,  the  rain  erosion  resistant  optical  coatings  con- 
sisting of  ZnSe/NdF^  proved  to  be  unsatisfactory.  This  was  primarily  due  to 
the  decomposition  of  NdF^.  In  view  of  the  problems  associated  with  NdF^,  this 
program  addressed  the  issue  of  alternate  coating  materials  and  coating  designs 
and  fabrication  technique  to  produce  rain  erosion  resistant  coatings.  As  a 
result  of  this  development  effort,  eight  rain  erosion  resistant  antireflection 
coatings  on  ZnS  IR  window  test  samples  have  been  successfully  demonstrated 
under  various  rain  environment  conditions  with  small  transmission  losses. 

These  transmission  losses  were  found  to  be  due  to  cracks  in  ZnS  substrates  pro- 
duced by  the  rain  drop  impact. 

One  of  these  eight  coating  design.^,  ZnSe/ThF^/ZnSe/ThF^/CeFj,  was  chosen 
for  the  coating  of  the  two  large  ZnS  window  samples.  These  coated  large  wln- 
dew  samples  have  met  the  durability  requirements  and  have  been  shipped  to  the 
Air  Force  for  further  testing  (MTF,  etc.). 

The  other  conclusions  based  on  this  coating  development  program  are  that 
the  rain  erosion  resistant  coatings  on  ZnS  substrates  can  be  achieved  by  con- 
ducting the  coating  fabrication  at  elevated  substrate  temperatures  f— 

A post-coating  annealing  at  200^C  in  a dry  nitrogen,  atmosphere  was  also  needed 
to  produce  the  required  coatings.  Additionally,  substrates  with  surface  quality 
of  60/40  scratcb-to-dlg  ratios  and  40A  to  BOA  rirs  roughness  did  not  affect  the 
performance  of  the  coatings. 

The  average  reflectance  of  the  final  coating  design  was  less  chan  iX 
from  8 to  12um.  Tiie  maximum  reflectance  was  2X  compared  to  12  required  by 
the  program.  The  visible  reflectance  was  much  higher  than  12  as  required 
by  the  program. 
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In  view  o£  the  ebove  results.  It  is  recofSBPnded  that  the  visible  trans- 
a'.ttance  oi  (ZnSe/YF^)"  (n  being  number  of  groups)  should  be  optimized.  This 
optimization  would  require  detailed  study  of  the  optical  properties  of 

Future  investigations  into  increasing  the  transmittance  in  the  visible, 
the  teansmlttance  In  the  10  to  12m.  also  need  to  be  initiated.  AR  coating  on 
composite  windows  may  well  be  the  solution  for  this.  ZnS/ZnSe  composite  windows 
have  been  developed  by  the  Raytheon  Company.  The  rain  erosion  resistant  AR 
coating  on  t’le  ZnS  side  of  the  window  (evterior  surface  in  the  aircraft)  and 
a normal  AR  coating  on  the  ZnSe  side  (inceiior  surface  in  the  aircraft)  may 
prove  to  be  rain  erosion  resistant  and  highly  transmitting.  AR  coatings  should 
also  be  developed  on  Si/ZnSe  composite  windows,  on  which  encouraging  results 
have  been  obtained  In  the  rain  erosion  testing. 
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APPENDIX  A 


THE  RAIN  EROSION  TEST  DATA 


A. I INTRODUCTION 

Coated  window  samples  of  ZnS  (1.5“  x O.S"  x 0.2")  were  delivered  to  AFML. 
Most  of  the  rain  erosion  testing  was  conducted  by  AFKAL/MLBE.  Some  samples  were 
tested  at  Bell  Aerospace  TEXTRON.  The  rain  erosion  test  variables  were: 

o Rainfall  Rate 
o Diameter  of  Rain  Drop 
o Drop  Impact  Velocity 
o Impact  Angle 
o Exposure  Time 


.1 

I 

i 

i 


The  program  goal  was  to  withstand  a rainfall  of  1 inch/hour  with  an  average  rain- 
drop diameter  of  l.Smai  and  impact  velocity  of  470  mph  at  a 90'  Impact  angle  for 
a minimum  exposure  time  of  20  minutes.  Results  of  the  rain  erosion  testing  were 
submitted  to  Perkin«Elmer  by  AFVAL/HLBE  in  the  following  sections; 

A. 2 INFRARED  COATINGS 

Major  results  of  the  rain  erosion  testing  can  be  suanarized  and  inter- 
preted as  follows: 

A. 2.1  Double  Layer  Coatings 

The  rain  erosion  test  data  for  double  layer  coatings  is  presented  in 
Tables  A-1  and  A-2.  The  results  can  be  summarized  and  interpreted  as  follows: 

o znS/NdF3  coatings  (AFML  Numbers  9021,  9022,  9024,  9025  and  9026) 
passed  the  rain  erosion  test  but  a large  transmission  loss  was 
observed.  To  investigate  this  loss,  the  coating  on  sample  9021 
was  polished  off  and  the  substrate  was  measured  for  transmission. 

The  transmission  loss  at  lOum,  due  to  cracks  and  fractures  pro- 
duced by  Impingement,  was  only  3X.  This  large  transmission  drop 
was  then  attributed  to  the  degradation  of  the  NdF^  coating. 
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EROSION  DATA  - I INCH/ HOUR  SIMUUTED  RAINFALL 


NCII/HOl'K  SlMlIl-XTHi)  RAINFALL,  I.Smm  DROP  SIZE 


Microscopic  exaaitnatlon  revealed  the  formation  of  a powder-like 
compound  believed  to  be  some  complex  compound  formed  by  the 
chemical  reaction  of  NdF^  with  water. 

o To  avoid  the  chemical  reaction  of  NdF^  with  water,  thu  NdF^ 

was  protected  by  CeF^-  These  coatings  (AFML  Numbers  9122,  9123, 
91'’4,  ^125.  9126  and  9127)  passed  the  rain  erosion  test  but, 
again,  a large  transmission  was  observed.  It  was  believed  that 
water  went  through  the  CeF^  layer  and  converted  the  NdF^  to  a 
complex  compound.  The  transmission  loss  was  not  as  high  as  in 
the  bare  NdF^  coating  because  the  CeF^  layer  remains  the  same. 

o The  results  on  Samples  9122,  9123,  9124  and  9125  also  Indicated 
chat  variations  in  surface  roughness  values  from  40A  to  80A  do 
not  effect  the  performance  of  the  coatings. 

o Comparison  of  Samples  9556,  9557,  9558,  9559,  9560  and  9561 
with  9606  and  9607  indicates  that  post  annealing  plays  an 
important  role  for  rain  erosion  resistance.  ZnSe/CeF^  coat- 
ings that  weren't  post  annealed  failed  the  rain  erosion  test, 
whereas  post  annealed  similar  coatings  passed  the  rain  erosion 
test.  In  both  cases,  the  transmission  loss  was  appreciably 
small  in  comparison  to  coatings  containing  NdF^.  This  suggests 
that  these  coatings  are  not  chemically  attacked  by  water. 

o In  addition  to  ZnSe/CcF^  coatings,  ZnSe/YFj  (AFML  Numbers  9602 
and  9603)  and  ZnSe/LaF^  (AFML  Numbers  9604  and  9605)  also 
passed  rain  erosion  tests  with  a maximum  transmission  loss  of 
2.57...  All  of  these  coatings  were  post  annealed  in  dry  nitrogen 
gas  at  200' C for  2 hours. 

A. 2. 2 Quarter-Quarter  Coatings 

The  rain  erosion  test  data  for  quarter-quarter  coatings  is  presented  in 
Tables  A-3  and  A-4.  The  results  can  be  sumnarized  as  follows. 

o All  the  quarter-quarter  coatings  submitted  to  AFML  passed  the 
rain  erosion  test. 

Quarter-quarter  coatings  with  CeF^  as  a protective  overcoat  were 
tested  under  various  rain  erosion  test  parameters.  Samples  9953 
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TABLE  A»3.  RAIN  EROSION  DATA  - 1 INCH/HOUR  SIMULATED  RAINFALL,  l.Bmni  DROP  SIZE 


A-5 


and  99S!>  vere  test^  at  470  a^h  for  20  mlmitas . Th^^pe  «nn»pi »» 
passed  the  rain  erosion  test  with  a maxiisuin  transmission  loss 
of  3%  at  lOum.  Samples  9955  and  9556  were  tested  at  575  inph 
for  5 minutes  and  passed  the  rain  erosion  test  with  a maxi- 
mum transmission  loss  of  4%  at  lOiim.  Samples  9957  and  9958 
were  tested  at  Bell  Aerospace.  Sample  9957  broke  into  pieces 
in  2 minutes  while  tested  at  470  mph.  It  is  possible  that 
breakage  may  have  taken  place  due  to  the  process  used  for 
cutting  the  samples  in  order  to  fit  them  in  Bell  Aerospace 
rotating  arm  fixtures.  Sample  9958  was  tested  in  0.7mm 
diameter  and  Icm/hour  ra infield  at  6Q2  mph  drop  impact 
velocity  for  90  seconds  and  passed  the  test.  The  trans- 
mission loss  in  the  first  30  seconds  was  2%.  Additional 
30  seconds  caused  the  transmission  to  drop  another  47.  at 
lOnm.  No  coating  removal  (except  some  chopping  at  cracks) 
occurred  for  additional  30  seconds  (total  90  seconds)  even 
though  transmission  could  not  be  measured  due  to  breakage 
of  the  substrate  into  pieces.  The  per^.entage  of  transmittance 
versus  exposure  time  was  about  the  same  for  the  coated 
specimen  as  the  uncoated  Raytheon  Zinc  sulfide  standard. 

The  photomicrographs  showed  that  the  appearance  of  the  ring 
fracture  damage  on  both  materials  was  quite  different. 

Etching  revealed  that  the  grain  size  of  the  coated  specimen 
was  one-half  that  of  the  uncoated  specimen. 


Quarter-quarter  coatings  containing  ZnSe  and  LaF^  (AFML 


Numbers  10220  and  10221)  were  tested  on  470  mph,  90“  impact 
angle  for  20  minutes.  The  coatings  passed  the  rain  erosion 
test  with  a maximum  transmission  loss  of  2.57.  at  lOum. 


Quarter-quarter  coatings  containing  ZnSe  and  CeF^  (AFML 


Numbers  10222  and  10223)  also  passed  the  rain  erosion  test 
(470  mph,  90°  Impact  angle,  exposure  time  20  minutes). 

The  maximum  transmission  loss  for  these  coatings  was  1.57. 
at  lOum. 


o Quarter-quarter  coatings  contain  ZnSe  and  YF^  (AFML  Numbers 


10224  and  10225)  also  passed  the  rain  erosion  test  (470  mph. 
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90°  Japact  angle,  ej^osuzc  tixm  20  ninutes).  The 
transmission  loss  for  these  coatings  was  47.  at  lOum, 

A. 3 VISIBLE/NIR/IR  COATINGS 

The  rain  erosion  test  data  for  Visible/NIR/IR  coatings  is  presented  in 
Table  A-5.  The  results  can  be  sumnarlzed  and  Interpreted  as  follows. 

o (2nSe/ThF^)^  MgF^  coatings  (AFML  Nu^ers  9167  and9168)  were 
tested  for  rain  erosion  (470  mph,  90°  Impact  angle,  exposure 
time  20  minutes).  The  removal  of  coating  was  observed  along 
the  ring  cracks  on  the  surface.  The  coating  removal  just 
after  the  test  was  less  than  57..  Subsequently,  more  coating 
removal  was  observed  with  time.  It  is  believed  that  at  least 
one  or  more  layers  came  off  within  a period  of  14  months.  This 
coating  removal  is  believed  to  be  due  to  stress  build-up  in  the 
multilayer  systems. 

o (2nSe/Thf^)^  coatings  (AFML  Numbers  9168  and  9169)  appear  to 
pass  the  rain  erosion  test  (470  mph,  90°  impact  angle,  exposure 
time  20  minutes),  but  lost  transmission  by  8,57,  at  lOum.  Total 
thickness  measurement  of  the  coating  at  Perkln-Elmer  indicated 
the  complete  removal  (by  TENCOR  a-step  profiler)  of  more  than 
one  layer.  This  removal  of  layers  (not  visually  observed) 
was  responsible  for  loss  in  transmission.  It  is  again  believed 
that  the  stress  build-up  in  the  multilayer  system  caused  the 
removal  of  layers. 

o (ZnSe/Thf^) ^Cef ^ coatings  (AFML  numbers  9171,  9172,  10228,  10229, 
10230  and  1.0231)  failed  the  rain  erosion  test.  On  some  samples 
the  coating  even  flaked  off  before  the  rain  erosion  test.  Com- 
parlslon  of  sample  9171  with  10231  indicates  that  flaking  is  not 
due  to  a bad  coating  run,  but  to  stress  build  up  in  the  multi- 
layer system, 

o (2nSe/YF^)^  coatings  (AFML  Numbers  10226  and  10227)  passed  the 
rain  erosion  test  (470  mph,  90°  impact  angle,  exposure  time 
20  minutes)  with  a transmission  loss  of  1.511  at  lOpm.  This 
suggests  that  ZnSe  and  YF^  have  opposite  stress  and  the  net 
stress  is  significantly  smaller  as  compared  to  ZnSe  and  TliF^. 
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TAB^E  A-5,  RAIN  EROSION  DATA  - 1 INCH/HOUR  SIMUUTED  RAINFALL,  1. 8 mm  DROP  SIZE 

Rain  Erotlon  Parameter  ~] 

Impact  Impact  Exposure 

Spectwen  ID#  Coating  Design  Velocity  Angle  Time  Tranemlaelon 

AFML  I ~ (Inner  Layei:  Firet) (mph)  (Degrees)  (Minutes)  Loss  at  lOum  Comments 
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ing  off  before  exposutw 
to  rain. 


